Abstract Knowledge of kinetics structural transformation of titanium dioxide is very important for the calcination process in titanium white production. Some impurities of titanium raw could have the influence in the crystalline structure of products and the kinetics of transitions. Sulphate salts of aluminium or magnesium were added into samples of TiO 2 suspension. After drying, the samples were studied by thermogravimetry at a heating rate of 10 K min -1 to temperature at 1,000°C. Results of thermogravimetric investigations of dry titanium dioxide suspension show two-stage decreases of sample mass: the first stage is associated with the removal of water, and the second stage is related to the emission of sulphur oxides. A method of X-ray diffraction (XRD) was used in the investigation of the kinetics of anatase-rutile transformation. The samples after drying were heated at 750, 800, 850 or 900°C in a muffle furnace for 70 min, and then the phase composition was analysed using the XRD method. The results of XRD measurements show that at a temperature of 800°C after 60 min, the complete transformation of titanium dioxide into rutile occurs. The addition of Al ions to the suspension of TiO 2 has a negative influence on (increases) the time it takes for the complete transformation of the anatase into rutile. Analysis of these phase-transformation diffractograms led to an activation energy in the Avrami-Erofeev model with n = 8/3 of 178 kJ mol -1 . The influence of the Mg ion's addition on the kinetics of the phase transformation is negligible.
Introduction
The kinetics of the phase transformation of titanium dioxide has been studied because of its technological importance and theoretical interest. The main raw material for titanium dioxide production is ilmenite. Apart from elements like titanium and iron, other elements, such as magnesium and aluminium, are found in this raw material. In sulphate technology of titanium dioxide production, after a digestion, clarifying and hydrolysis processes, the calcination of titanium dioxide occurs. Successive processes and operations are unable to completely remove all accompanying elements.
In the process of white titanium pigments production using the sulphate method, titanium dioxide is obtained from titanium raw materials through the reaction with the sulphuric acid. Products of these reactions are used in the hydrolysis processes, and as a result of this reaction, hydrate titanium dioxide (TiO 2 ÁnH 2 O) is obtained. In order to obtain titanium dioxide as rutile structure, the process of calcination of hydrate TiO 2 at the temperature about 950°C is employed. The presence of accompanying elements can exert influence on temperature as well as kinetics of the anatase-rutile transformation [1] [2] [3] [4] [5] [6] [7] [8] [9] .
The investigation of TiO 2 phase transformation has been the subject of many articles [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] .
As a result of the digestion process, titanium compounds, as well as accompanying elements are transferred to the solution phase. Depending on the concentration, these elements can appear in intermediates during the process and can affect reagents' properties and the kinetics of individual processes.
Small amounts of additives such as sodium, potassium, aluminium, magnesium, zinc ions, etc. are responsible for the changes of temperatures of transformations (anataserutile) and thus can exert their influence on the rate of this transformation. Also, these substances have the essential influence on the physicochemical properties of the rutile phase [2] [3] [4] [5] [6] [7] [8] [9] .
Knowledge about the kinetics of titanium dioxide transformation with aluminium and magnesium salts as additives, enables us to estimate the transition degree depending on the conditions of the industrial process.
Structural and phase transformations in solid are very slow and can be classified phenomenologically according to the order of the transition. The rate with which the system achieves an equilibrium state is the kinetic issue. In a solid state, the thermodynamic instability can lead to freezing.
Before beginning the kinetic study of anatase-rutile transformation, the thermodynamic function changes [21, 22] of this transition were analysed. From the results of this analysis, we observe that the transition is accompanied by an enthalpy change and the anatase is metastable phase.
Experimental
In the process of heating, the suspension of titanium dioxide, stages of dehydroxylation and emission of sulphur oxides occured. The influence of added salts to samples of TiO 2 suspension for these processes was investigated using thermogravimetric method.
Thermogravimetric and derivative thermogravimetric investigations of the titanium dioxide suspension samples were realized on derivatograph MOM (Hungary) 1500C. Samples were prepared from a solution of titanium sulphate which, after hydrolysis, contained 29.8 wt% TiO 2 , 2.7 wt% SO 3 . The density of suspension was equal 1.277 g cm -3 . On the basis of this solution, samples were prepared with the addition of 0.20 or 0.50 wt% Al 2 (SO 4 ) 3 and 0.18 or 0.45 wt% MgSO 4 , respectively. Before the measurement the samples were dried at a temperature of 105°C to constant mass. The mass of the samples was 0.6 g. The measurements were realized in a temperature range of 20-1,000°C in air atmosphere at a heating rate of 10 K min -1 . Aluminium or magnesium sulphates were added to some samples of TiO 2 suspension in such an amount that after heating at 750°C and higher, their concentrations in products were 0.2 and 0.5 wt% Al 2 O 3 and similarly for magnesium.
A method of the X-ray diffraction (XRD) was used in the investigation of the kinetics of phase transformation. The samples used in the investigations of the kinetics of the titanium dioxide phase transformation were prepared in a similar manner to that used in the thermogravimetry method. After drying, the samples were heating to temperatures of 750, 800, 850 or 900°C in a muffle furnace for the required time, and then after this, the phase composition was analysed by the XRD method.
The samples of titanium dioxide were cooled and then put into a diffractometer. Measurements were taken using a Philips PW1710 diffractometer, with a copper anode lamp K a1 = 1.54060 and K a2 = 1.54438, in an angle range two theta from 24°to 29°, with current parameters 40 kV and 35 mA.
Results
The results of thermogravimetric investigations of samples of hydrated titanium dioxide with the additions of Mg and Al ions (and without these additions) are presented on Fig. 1 . A two-stage decrease in the mass of the samples can be seen from the graph. The first stage is related with dehydroxylation of hydrated titanium dioxide which is occurring in the range of 100 to about 500°C. Experimental mass decrease of the samples without additions for the dehydroxylation process is about 13 wt%, and for the next stage is about 9 %.
In the case of hydrated titanium dioxide samples with the additions of magnesium or aluminium, the shapes of thermogravimetric curves are similar to the curves of hydrated titanium dioxide transformations without additions, but mass losses are inconsiderably higher, and the same two-stages of mass decreases are visible.
The dehydroxylation and emission of sulphur oxides occurred in similar ranges of temperatures irrespective of the applied addition, which is exactly visible on Fig. 2 ions to the suspension of TiO 2 caused an increase in the amount of water removed in the first stage of decomposition. Fig. 2 shows that the maximum rate of mass losses in the dehydration process is higher in the case of samples with additions. The next stage of mass decrease related to emission of sulphur oxides is observed at the temperature of 500°C. The influence of additions on the process of emission of sulphur oxides is rather slight. The influence of additions on temperatures of the phase transformation is small, and it is visible on the DTA curves (Fig. 3) . This transformation occurs in the range of temperatures from about 750 to 850°C, and only a slight delaying effect in the case of addition of the aluminium is visible. Addition of Al ions shifted the maximum transformation temperature toward higher temperatures.
Results of XRD measurements are presented in the three-dimensional graph (Fig. 4) with a temperature of 800°C for the transformation of titanium dioxide without additions. The first peak on the diffractogram (for the angle two Theta of 25.4°) indicates the presence of the anatase phase, and the second one (for the angle two Theta of 27.5 o ) the presence of the rutile phase. The values of extent of anatase-rutile transition a versus time-t were estimated from the maximum of peak intensities in Fig. 4 . The calculation of the mass fraction of rutile in the samples was based on the relationship [6, 17] .
where I a , and I r are the intensities of anatase and rutile, respectively, and k a is the calibration constant. These mass fractions-time a-s dependences for all temperatures are depicted in Fig. 5 . The slowest rate of transformation occurs at a temperature of 750°C, and after 70 min, the transition degree is equal to 0.55. The character of a (transition degree) versus s (time) curve at 750°C-''transition profile'' accelerates, but the kinetic curve at this temperature span probably occurs in the induction period only.
It appears (Fig. 5) that at a temperature of 800°C the character of the ''kinetic curve'' of phase transformation of titanium dioxide from anatase to rutile is different to that for 750°C, but similar to Avrami-Erofeev reaction models and the process is complete after 60 min. The 'transition profile' of TiO 2 transformation at this temperature is clearly sigmoidal. The phase transition process rate reaches its maximum at some intermediate value along the extent of transition. A big difference in the rate of the transformation occurs between temperatures of 750 and 800°C, while the smallest difference occurs between temperatures of 850 and 900°C. A significant increase in the rate of the transformation is observed practically above temperatures of 800°C.
It can be seen from Fig. 5 that, at the temperature range of 850-900°C, the 'transformation profiles' of phase transition are of a decelerating character and reaches a transformation degree of equal to unity after 30 min at 850°C and after 10 min at 900°C. The induction periods are less than 10 min. The smallest difference among the progress of kinetic curves is observed between temperatures 850 and 900°C.
The kinetics of TiO 2 structural transformation was described as being similar to the kinetics of the chemical reaction by the following equation:
where s is the time [min], k(T) is the transformation rate constant at absolute temperature T (min -1 ), and f(a) is the transition function dependent on mechanism of the process.
where A is the pre-exponential Arrhenius factor (min -1 ), and E is the apparent energy of activation (kJ mol -1 ). For isothermal experiments, da f ðaÞ ¼ kds ð4Þ
and the integration of the above equation leads to
From the a(s) dependences (Fig. 5 ) and well-known kinetic models [23] [24] [25] , the g(a) functions which best described the isothermal experimental results of the phase transition were chosen.
For sigmoidal kinetics of processes, the following Avrami-Erofeev models of transformation are recommended: 
The experimental dependencies g(a) versus s for different models were plotted, and using nonlinear regression method [26] , the best model was chosen. The best result was found for Avrami-Erofeev model with n = 8/3.
On the basis of the values of transition rate constant for particular temperatures of experiments, the dependence of ln k versus 1/T was plotted, and the equation describing the dependence was found:
where A = 1.475 9 10 7 min -1 ; E = 178.0 kJ mol -1 ; R is the molar gas constant equals 8.3145 9 10 -3 kJ mol
. This energy of activation value is lower than reported by Shannon et al. [19] and Gennari et al. [1] .
The rate of TiO 2 anatase-rutile structural transformation can be described by the following equation:
The maximum of anatase-rutile transformation rate (da/ds) max is observed for the transformation degree for which the derivative of function f(a) equals 0. For n = 8/3, the derivative of f(a) is as follows: Increasing the temperatures used in the process clearly affects the acceleration of the structural transformation. At both the temperatures, aluminium has a significant inhibitory influence on the phase transformation when an increase of the aluminium concentration is visible.
Addition of MgO (Fig. 8 ) is shown to have little influence on the kinetics of the anatase-rutile transformation. The transformations at the respective temperatures are similar to the processes of the sample without additions.
For samples where Mg or Al salts (Figs. 6, 7, 8 ) are added, the character of transition profiles after calcinations for transformation degree versus time is similar to the kinetic curves for samples without any addition. The extension of duration of complete anatase-rutile transformation is observed together with the increasing concentration of the Al 2 O 3 .
Little influence due to the addition of Mg on transition degree at the beginning of transformation at 850°C is observed as presented in Fig. 8 . Table 1 shows the values of the phase transformation rate constant for these experiments, calculated using the same A8/3 model and in the same manner as that used for samples without additions. Table 1 shows that the influence of aluminium presence in calcination process is essential for the rate of anataserutile transformation. The ratios of rate constants without additions to those with additions of 0.2 and 0.5 % Al are equal to 1.45 and 1.83 (at 800°C) and 1.42 and 1.89 (at 850°C), respectively. At both temperatures, the increase of the aluminium concentration is shown to have a significant inhibitory influence of aluminium on the phase transformation. Additions of Mg on transition rate are shown to have very little influence.
The method of investigations applied for isothermal calcination of titanium dioxide suspension with additions of magnesium and aluminium ions enables us to identify the effects of the different substances on the phase transformations kinetics, and allows setting the range of transformation temperatures, the temperature of the maximum transition rate and the calculation of kinetic parameters which can be extremely useful in the development and implementation of industrial processes. The effects of magnesium and aluminium ions 515
The calculations of kinetic parameters in the AvramiErofeev equation were realized by a linearisation method and the Marquart method [26] . In these calculations, the Avrami-Erofeev equation was used in the following formula:
in the case of the Marquart method, and in the formula:
in the case of calculations by the linearisation method.
Results of calculations for the kinetics of the phase transformation in temperature 800°C are presented in Fig. 9 . The degree of curves fitting which was obtained by the Marquart method was equal R 2 = 0.999; however, in the case of the method of the linearisation R 2 = 0.993. Differences in the calculated values of parameters obtained with different methods result from the so-called mistakes of transformations, which are related to the number of decimal places in the given value. It follows that the obtained results from calculations must be verified.
Conclusions
The findings of the study led us to the conclusions as follows:
Transition profiles of TiO 2 transformation at different experimental temperatures are sigmoidal.
The kinetics of TiO 2 anatase-rutile transformation can be described by Avrami-Erofeev model with n = 8/3.
The additions of Al and Mg salts to TiO 2 suspension on the thermal dehydroxilation and desulphuration have minimal effects.
The phase transformation of titanium dioxide from anatase to rutile with temperatures ranging from 800 to 900°C is complete after 40-60-min processing time. The maximum rate of anatase-rutile transformation is observed when the transformation degree equals 0.4647. The kinetic triplet values of anatase-rutile transformation were n = 8/3, E = 178 kJ mol -1 , and A = 1.475 9 10 7 min -1 . When Al salts are added to titanium dioxide suspension, the transformation of anatase into rutile occurs over a much longer time, and this influence grows together with the increasing concentration of the addition. The presence of 0.2-0.5 % Al in TiO 2 lowers the value of rate constant of transformation k by 1.4-1.8 time. The influence due to the addition of Mg on the kinetics of the phase transformation is rather negligible.
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